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1933 
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1950 
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1960 

T.  Maiman,  Subject:  laser  action  in  ruby. 

1963 

The  opening  af  the  MM  Wave  spectrum  to  radar  astronomy,  mm  radar  observation 
af  the  moon. 
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MILLIMETER  WAVE  RESEARCH: 
PAST,  PRESENT,  AND  FUTURE 


I.  INTRODUCTION 

We  should  be  interested  in  the  little  things  in  life.  I  think  they  are  important.  By  the  end 
of  this  report,  you'll  probably  conclude  that  the  only  thing  little  about  millimeter  waves  is  the 
wavelength.  Rverything  else,  particularly  the  price,  is  pretty  large. 

Will  Rogers  would  begin  his  routine  with  "All  I  know  is  what  I  read  in  the  papers."  What  I 
have  been  reading  in  the  "paper"  recently  hails  a  rcsurgency  of  research  in  millimeter  waves. 

T  looked  into  it  to  sec  if  I  could  determine  whether  this  resurgency  was  real  or  whether  it  was 
something  cooked  up  by  the  press  because  material  to  print  about  lasers  was  getting  scarce. 

A  couple  of  articles  in  particular  attracted  my  attention.  One  of  them  appeared  in  Aviation 
Week  and  Space  Technology  which  said  late  last  summer,  that  "Millimeter  waves  hold  aerospace 
promise!"  This  was  followed  by  an  article  in  Electronics  in  January  of  this  year  to  the  effect 
that  millimeter  research  is  coming  back  in  style.  If  it  comes  back  in  style,  if  it  holds  promise, 
it  must  have  been  out  of  style  and  it  must  not  have  held  promise.  Perhaps  researchers  in  the 
field  arc  downright  fickle.  To  detect  a  trend  or  a  cycle,  perhaps  we  ought  to  see  what  the  nature 
of  the  development  of  millimeter  wave  research  has  been,  what  some  of  the  turning  points  were, 
what  the  reason  for  an  apparently  fickle  following  was,  what  have  been  the  benefits  or  losses  on 
account  of  waxing  and  waning  interest.  When  we  see  history  about  to  repeat  itself,  the  urge  is 
felt  to  look  at  the  past  to  foretell  the  future.  I  haven't  resisted  this  urge.  Mrs.  Betty  Boyd  and 
Dr.  J.  Mindcl  have  helped  in  the  historical  inquiry  into  past  millimeter  wave  research.  Let  us 
look  at  this  past  that  is  said  to  be  prologue. 

IL  HISTORICAL  REVIEW 

Actually,  we  have  had  millimeter  waves  from  the  time  of  Hertz.  Although  Hertz  himself 
didn't  work  at  millimeter  wavelengths,  some  of  the  Hertzians  did.  By  Hertzian  I  mean  one  who 
was  a  follower  of  Hertz,  and  there  were  many.  Sir  Oliver  Lodge  was  one  of  the  better  known 
Hertzians.  Hertz  worked  at  66cm,  not  an  unfamiliar  wavelength  for  today's  heavy  radars. 

It  all  began  in  the  late  1800' s.  The  celebrated  address  by  Hertz  at  Heidelberg  in  1889  in 
which  he  explained  the  connection  between  his  Hertzian  wave  and  the  electromagnetic  waves  of 
light  drew  widespread  interest.  At  about  that  time,  a  Russian,  Peter  Lebedev,*  used  Hertz's 
technique,  with  a  resonator  as  a  filter  for  the  spark  gap,  to  select  waves  at  a  6-mm  wavelength 
from  the  broad  spark  spectrum.  He  reported  on  this  work  in  1895.  Sir  J.  C.  Bose  of  India  was 


*  For  references,  see  chronology  in  Foreword. 
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also  working  at  5  mm  and  conducted  many  quasi-optical  (a  term  coined  by  Ivodge)  experiments 
such  as  measuring  the  double  refraction  in  crystals.  Some  of  the  crystals  Bose  studied  are  of 
considerable  interest  now  as  possible  materials  for  use  in  masers  and  lasers.  One  of  these 
crystals,  beryl,  when  containing  a  chromium  impurity  becomes  emerald,  has  been  especially 
interesting  in  this  application. 

With  such  a  promising  beginning,  what  happened?  For  one  thing,  Roentgen  discovered  x-¬ 
rays,  a  feat  rewarded  with  the  first  Nobel  prize  that  was  ever  awarded  in  physics.  At  about 
the  same  time.  J.  J.  Thomson  isolated  the  electron  and  so  the  physicist  branch  of  the  Hertzians 
deserted  the  field  in  droves  to  study  the  electron,  and  to  delve  into  the  structure  of  crystals  by 
means  of  x-rays.  In  the  long  run,  we  can’t  really  say  that  these  defections  were  wrong,  but 
they  did  slow  developments  in  millimeter  wave  research  for  the  moment.  The  electron  tube  has 
become  the  basic  generator  of  millimeter  waves.  X-rays  have  helped  us  to  understand  solid 
materials,  the  very  underpinning  of  our  burgeoning  field  of  solid  state  electronics  today.  It  was 
in  1912,  of  course,  that  Max  von  Laue  discovered  x-ray  diffraction  in  crystals  and  the  Braggs 
were  to  follow  up  with  further  work.  A  Nobel  prize  in  1914  for  von  Laue  and  for  the  Braggs  in 
1915  was  a  recognition  of  their  work. 

The  physicists  were  not  the  only  defectors.  The  young  Italian,  Marconi,  had  read  Hertz’s 
paper  and  concluded  that  it  was  so  obvious  from  Hertz’s  paper  that  one  could  communicate  with 
these  waves  that  he  was  astonished  that  no  one  had  suggested  the  possibility.  In  1897,  he  demon¬ 
strated  to  the  satisfaction  of  the  Post  Office  Department  in  England  that  one  could  communicate 
over  a  distance  of  about  four  miles  with  Hertzian  oscillators  and  receivers  operating  at  about 
25-cm  wavelength. 

The  engineers,  however,  were  to  find  life  much  easier  and  more  conducive  to  very  long 
range  communications  at  much  longer  wavelength.  They,  too,  departed  the  environs  of  milli¬ 
meter  waves. 

Millimeter  wave  work  reappeared  in  Russia  in  1913  with  the  work  of  Arkadiev.  He  used 
Hertz  oscillators  at  an  11 -mm  wavelength  in  his  research,  which  was  interrupted  by  World  War  I. 

Again  millimeter  wave  research  had  to  climb  out  of  relative  oblivion,  and  we  see  a  second 
resurgency  in  the  decade  of  the  1920' s.  In  Germany,  W.  Mobus  worked  at  7-mm  wavelength, 
and  for  the  first  time  we  see  the  entry  of  Americans  into  the  field  with  the  work  of  E.  F.  Nichols 
and  J.  D.  Tear  in  1923.  Nichols  and  Tear,  working  with  a  high-pressure  mercury  arc  and  inter¬ 
ferometers,  were  able  to  close  the  gap,  as  they  put  it,  between  the  infrared  and  the  electric  wave 
spectra.  They  worked  in  the  band  from  2  to  0.2  mm. 

All  the  generators  used  so  far  are  essentially  incoherent.  A  quasi-coherency  at  some  mil¬ 
limeter  wavelengths  was  obtained  by  narrowing  the  spectrum  with  resonators.  At  the  very  short 
wavelengths,  such  resonators  are  difficult  to  contrive.  Initially,  the  resonators  were  Hertz 
dipoles  scaled  down  appropriately  for  the  shorter  wavelengths. 

In  the  late  1920's,  Mme.  A.  Glagoleva-Arkadieva,  following  the  initial  work  of  W.  Arkadiev, 
developed  electromagnetic  waves  with  so-called  "mass  radiators"  in  the  50-mm  to  129-micron 
region.  Mass  or  particle  radiators  are  small  conducting  particles  excited  by  a  spark  discharge. 
The  particles,  distributed  in  oil,  were  continuously  supplied  to  the  spark  gap,  as  we  shall  see 
later.  The  dominant  features  of  the  resulting  spectrum  could  be  changed  by  changing  the  size 
of  the  particles. 

In  the  1930' s,  infrared  spectroscopists  were  working  hard  on  the  spectra  of  gaseous  mole¬ 
cules,  and  in  particular  on  some  of  the  fine  structure.  The  infrared  apparatus  had  inadequate 
resolution  for  work  on  the  inversion  spectrum  of  ammonia.  It  was  in  1933  that  Cleeton  and 
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Williams  opened  the  field  of  microwave  spectroscopy  with  their  studies  of  the  ammonia  spectrum 
in  the  10-  to  40-mm  region.  Cleeton  and  Williams  were  probably  the  first  to  develop  coherent 
^-mm  waves  by  using  a  split  anode  magnetron.  They  reported  on  this  work  in  1936. 

It  is  interesting  to  note  that  from  the  field  of  microwave  spectroscopy  the  first  maser  was 
horn;  indeed,  the  first  maser  employed  ammonia  gas  as  the  working  medium  on  the  resonance 
originally  explored  by  Cleeton  and  Williams. 

Research  and  development  on  radar  during  World  War  II  were  dramatic  in  their  drive  and 
purpose  as  spurred  on  by  an  omnipresent  necessity  for  victory  in  the  air.  In  quest  of  resolution, 
researchers  were  led  to  shorter  and  shorter  wavelengths.  The  K-band  radar  that  was  to  provide 
superior  resolution  to  that  achieved  at  X-band  was  hit  hard  by  resonance  absorption  in  water 
vapor  at  12.5  mm.  The  momentum  of  this  work  carried  it  into  the  9-mm  region,  but  the  war 
ended  before  any  systems  were  implemented  at  this  new  wavelength. 

The  legacy  of  apparatus  and  people  skilled  in  short  wave  measurements  have  led  to  the  re¬ 
markable  growth  of  microwave  spectroscopy  since  the  war.  The  advances  and  benefits  of  this 
work  are  manifold. 

Upon  entering  the  deeade  of  the  1950’ s,  we  found  the  electromagnetic  spectrum  becoming 
more  and  more  crowded  by  all  the  communications -related  services  we  had  learned  to  devise. 
Most  of  this  crowding  was  at  the  longer  wavelengths.  People  began  to  point  to  new  and  unex- 
ploitcd  territory  at  millimeter  wavelengths.  John  Pierce,  writing  in  Physics  Today  (1950), 
pointed  to  millimeter  waves  as  a  good  area  of  research.  What  the  field  needed  most,  according 
to  Pierce,  was  many  good  people  in  it.  Calls  of  this  kind  Iiavc  been  periodically  sounded  time 
and  again.  In  an  article  in  1957,  John  Pierce  again  repeated  some  of  the  problems  confronting 
millimeter  wave  research.  They  were  still  essentially  the  same,  yet  the  promise  appeai’cd 
great. 

The  year  1954  saw  the  development  of  the  ammonia  maser  by  Gordon,  Zeiger,  and  Townes. 
We  are  well  aware  of  the  impact  of  this  development  on  our  current  research.  It  was  based  on 
the  earliest  microwave  spectroscopy  ever  done:  on  microwave  spectroscopy  born  out  of  work 
near  the  millimeter  wave  region. 

The  events  that  followed  were  at  a  dizzying  pace.  The  solid  state  maser  appeared.  Syn¬ 
thetic  ruby  crystals  were  made  for  use  in  solid  state  masers.  Maiman,  in  working  with  optical 
pumping  of  ruby  rods,  detected  laser  action  in  I960.  This  development  resulted  in  the  most 
recent  large-scale  defection  of  physicists  from  millimeter  wave  work.  It  is  through  develop¬ 
ments  of  this  kind,  although  they  appear  to  be  leapfrogging  the  millimeter  wave  region,  that  we 
may  well  solve  the  riddle  of  how  to  develop  large  amounts  of  coherent  electromagnetic  energy 
at  millimeter  and  submillimetcr  wavelengths. 

Again  wc  have  a  case  where  the  opening  field  that  caused  the  defection  from  millimeter 
wave  research  was  worth  a  Nobel  Prize. 

In  1963,  a  landmark  in  systems  development  achieved  at  Lincoln  Laboratory  took  the  form 
of  millimeter  wave  radar  observation  of  the  moon.  This  was  an  accomplishment  that  showed 
that  although  the  development  of  millimeter  waves  has  been  cyclic  in  nature,  it’s  had  ups  and 
downs,  and  with  each  re-emergence  of  millimeter  wave  research,  it  has  attracted  the  interest 
of  a  larger  number  of  people.  We  have  a  broader  basic  background,  a  larger  podium  to  stand 
on,  if  you  will. 

There  has  often  been  a  bit  of  pessimism  about  the  millimeter  wave  business.  John  Ramsey, 
for  example,  writing  in  the  Proceedings  of  the  IRE  in  1958,  had  this  to  say: 
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Fig.  1.  The  spork-excited  Hertz  dipoles  used  by 
P.  N.  Lebedev  to  generote  rodiotion  ot  millimeter 
wavelengths.  The  resulting  electromagnetic  woves 
were  noiselike  and  covered  o  broad  bond  of  fre¬ 
quencies  neor  the  resonant  wovelengths  of  the  di¬ 
pole.  (Figure  3  from:  P.N.  Lebedev,  Ann.  Physik. 
Chem.  56,  No.  9,  1  (1895).) 


Fig.  2.  Lebedev's  detector  shown  here  was  the  millimeter  wove 
equivalent  of  the  fomilior  rodio  frequency  hot  wire  ammeter. 
(Figure  2  from:  P.  N.  Lebedev,  Ann.  Physik.  Chem.  No.  9, 
1  (1895).) 


Fig.  3.  J.  C.  Bose  used  o  spark  dischorge  between 
spheres  os  shown  here  to  develop  millimeter  wove- 
length  rodiation.  (Figure  2  from:  J.  C.  Bose,  Col¬ 
lected  Physical  Popers  (Longmans,  Green,  New 
York,  1927).) 
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"Today  millimeter  wave  research  is  in  a  similar  position  to  that  existing  in 
the  1890*s.  It  does  not  know  where  it  is  going.  Any  objectives  it  seems  to 
have  are  scientific  as  it  was  with  the  Hcrtzlans.  Generation  of  the  waves 
presents  a  formidable  difficulty.  Detectors  are  almost  as  crude  as  those  of 
the  early  experimentali.sts,  and  the  only  positive  application  that  may  appear 
now  is  hollow  pipe  waveguide  communications.  Radar  and  wireless  communi¬ 
cations  are  beset  by  propagation  difficulties." 

All  too  true.  We  might  note,  however,  that  hollow  pipe  communications  at  millimeter  wave¬ 
lengths,  long  under  intensive  study  at  the  Bell  Telephone  laboratories,  have  now^  been  shelved. 

The  work  is  being  carried  on  in  Burope,  and  BTL  has  turned  its  attention  to  laser  light -beam 
communications  in  hollow'  pipes’.  A  sign  of  the  timcsl 

III.  EARLY  MILLIMETER  WAVE  RESEARCH 

Let  us  now'  consider  some  of  the  early  millimeter  wave  apparatus.  Figure  1  shows  the 
generator  used  by  Feter  Lebedev.  A  pair  of  radiators,  a  little  over  a  millimeter  long  and  about 
a  half  millimeter  in  diameter,  is  sealed  into  the  ends  of  a  glass  tube.  The  spark  gap  between 
them  is  about  0.2  mm,  and  the  two  radiators  are  in  turn  excited  via  the  spark  gap  between  them 
and  the  lead  wires.  Excitation  was  by  means  of  an  induction  coil  sparked  at  about  30  per  minute. 
This  effective  source  of  6-mm  waves  had  problems  common  to  all  spark  gaps:  they  didn't  sur¬ 
vive  a  large  number  of  sparks  and  had  to  be  replaced  frequently.  Lebedev  was  able  to  do  experi¬ 
ments  with  polarized  waves.  He  measured  the  index  of  refraction  of  materials  in  the  form  of 
prisms.  He  built  a  Nicol  prism  to  serve  as  polarizer  and  analyzer  for  6-mm  waves.  The 
Physics  Institute  in  Russia,  named  for  I^eter  Lebedev,  has  built  the  22-meter  radio  telescope 
so  successfully  in  operation  at  millimeter  wavelengths.  This  is  the  largest  antenna  so  far  to 
operate  at  millimeter  wavelengths  with  reasonable  efficiency. 

Lebedev's  detector  is  shown  in  Fig.  2.  It  is  essentially  a  hot  wire  RF  ammeter.  He  formed 
a  thermoelectric  junction  with  resonant  elements  R^  and  R^.  The  thermoelectric  current  was 
measured  with  a  galvanometer. 

Figure  3  shows  the  apparatus  that  Bose  used  to  work  at  5  mm.  He  had  rather  portable 
apparatus,  and  was  probably  the  first  to  launch  millimeter  waves  in  a  circular  waveguide.  It 
is  likely  that  he  was  exciting  the  mode  predominantly,  and  possibly  higher  modes.  The 

whole  apparatus  was  enclosed  in  a  shielded  box,  and  served  as  his  transmitter. 

A  millimeter  wave  spectrograph  used  by  Bose  is  shown  in  Fig.  4.  To  make  a  polarizer,  he 
wound  fine  wdre  around  a  piece  of  mica  to  form  a  grating.  These  wires  were  fixed  in  place  with 
wax.  Bose’s  receiver  was  a  coherer  enclosed  in  cylinder  C.  Bose  also  found  that  his  spark 
gaps  didn't  work  reliably  very  long.  He  wisely  used  a  single  discharge  of  his  induction  coil  for 
a  particular  measurement,  thus  permitting  many  measurements  before  he  had  to  refurbish  his 
radiator. 

In  Fig.  5.  we  have  an  example  of  a  mass  radiator,  as  developed  by  Mme.  Glagoleva-Arkadieva. 
Small  particles  suspended  in  oil  are  carried  into  the  spark  discharge  by  the  rotating  wheel.  Ex¬ 
cited  by  the  spark  discharge,  the  particles  radiate  at  wavelengths  somewhat  commensurate  with 
their  size.  The  spectrum  can  be  changed  by  changing  the  particle  size.  In  the  1930' s,  radiations 
corresponding  to  parameters  of  the  copper  lattice  were  observed  when  copper  particles  were  ex¬ 
cited  in  an  electric  spark.  The  nature  of  the  operation  of  mass  radiators  is  still  not  well  under¬ 
stood,  and  the  further  investigation  of  this  phenomenon  in  light  of  what  we  know  about  solids  to¬ 
day  might  well  lead  to  some  interesting  research. 
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Fig.  4.  The  experimental  arrangement  used  by  Base  to  study  polarizatian 
effects  in  salids  ond  liquids  at  millimeter  wavelengths.  (Figure  1  from: 
J.  C.  Bose,  Collected  Physical  Papers  (Longmans,  Green,  New  York, 
1927).) 


Fig,  5,  Ta  reduce  the  size  of  the  spork -excited 
rodiators,  Mme.  Glogolevo-Arkodievo  used  filings 
suspended  in  oil  ond  corried  into  the  discharge  by 
o  rotating  wheel.  Radiotlon  wavelengths  were  ob¬ 
served  ta  correspond  ta  the  size  of  the  particles 
used.  (Figure  1  from:  A.  Glagalevo-Arkodleva, 
Z.  Physik,  234(1929).) 


Fig.  6.  The  spectrograph  arranged  by  Mme.  A.  Glagaleva-Arkadieva 
far  studies  at  millimeter  wavelengths.  This  is  an  arrangement  of  mirrors 
commonly  used  in  far  infrared  spectroscopy  today.  (Figure  2  from: 
A.  Glagoleva-Arkadieva,  Z.  Physik.  234  (1929).) 
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In  Fig.  6,  we  have  a  diagram  of  Mme.  Glagoleva-Arkadieva' s  spectrograph.  The  arrange¬ 
ment  of  the  mirror  system  is  very  familiar  to  infrared  speetroscopists.  The  output  of  the  mass 
radiator  is  collimated  through  an  active  region  and  thence  into  a  detector  at  the  focus  of  a  re¬ 
ceiving  mirror.  A  popular  form  of  detector  for  Bose  and  many  of  the  later  workers  was  the 
eoherer.  Bose  used  a  coherer  of  fine  coiled  springs.  The  springs  were  laid  in  a  shallow  notch 
in  a  bakclite  holder  in  a  way  that  the  pressure  on  their  mutual  contact  could  be  varied.  I'he 
radiation  falling  in  the  coherer  changed  its  resistivity,  and  tliis  change  w'as  measured  by  a 
galvanometer. 

IV.  THE  PRESENT  AND  THE  PROMISE 

So  mueh  for  the  past.  What  about  the  present?  Where  is  the  millimeter  and  .submillimetcr 
gap?  Why  has  it  persisted  so  long?  Why  is  it  important  to  fill  the  gap  with  devices  and  tech¬ 
niques'?  These  and  many  other  questions  have  been  considered  in  the  past  and  are  still  (jues- 
tions  today.  Some  have  been  answered.  Townes'  inspired  concept  of  the  maser  grew^  out  of 
thoughts  about  how  one  might  provide  coherent  radiation  in  the  millimeter  and  submillimeter 
regions.  As  a  result,  we  have  wonderfully  coherent  sources  in  the  visible  and  near  infrared 
regions,  and  inroads  are  being  made  on  the  lOO-micron  (0.1-mm)  region.  We  have  built  masers 
at  8  and  at  4  mm,  but  their  operation  has  been  difficult  enough  to  discourage  their  pragmatic 
use.  In  a  very  real  sense,  the  gap  prevails. 

Where  is  this  gap  in  the  overall  electromagnetic  spectrum?  Figure  7  show's  it  to  be  .sub¬ 
stantially  in  the  center  of  a  chart  of  the  EM  spectrum,  truncated  a  few'  decades  on  each  end. 

Why  bother  about  millimeter  waves?  Science  and  technology  respond  a  bit  differently. 
Scientific  reasons  for  interest  in  millimeter  waves  include  the  following: 

New  Spectrum:—  Because  nature  has  spread  the  location  of  energy  levels  over  a  wide  region, 
freedom  to  ehoose  any  part  of  the  FM  spectrum  for  speetroseopie  purposes  lends  flexibility  to 


Fig.  7.  Fifteen  decades  of  the  electromagnetic 
spectrum.  Note  that  each  octave  contains  the 
same  absolute  bandwidth,  the  same  chonnel 
capacity,  os  the  entire  spectrum  below  itl 


WAVELENGTH  SCALE 
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our  investigation  of  matter.  The  spectra  of  gaseous  molecules,  solid  state  materials,  and 
plasmas  lie  in  the  millimeter  region. 

Higher  Photon  Energy:—  The  millimeter  wave  photon  has  higher  energy  than  its  microwave 
counterpart,  and  can  thereby  excite  carriers,  for  example,  across  larger  energy  gaps.  The 
photon  energy  is  comparable  to  that  manifested  in  exchange  and  anisotropy  fields  in  antiferro¬ 
magnetics,  and  is  comparable  to  what  is  termed  the  energy  gap  for  certain  superconductors. 

Better  Resolution:—  For  cyclotron  resonance  in  semiconductors,  for  example,  the  width  of 
the  resonances  is  proportional  to  1/cjt,  where  cj  is  the  cyclotron  frequency  (eH/m’*'c)  and  t  is 
the  lifetime  of  the  carriers.  If  cjt  is  not  greater  than  one,  no  resonance  is  observed.  For  short 
lifetime  materials,  a  high  frequency  is  clearly  required.  As  was  the  case  for  the  ammonia  in¬ 
version  spectrum,  it  is  often  better  to  observe  these  phenomena  at  their  fundamental  frequency 
than  to  deduce  the  level  splitting  from  high  resolution  infrared  measurements  on  spectral  lines 
originating  from  higher  levels. 

Coherent  Sources:—  Sensitive  spectroscopy  is  dependent  upon  good  detectors  and  efficient 
sources.  The  coherent  source  develops  all  its  intensity  in  a  narrow  frequency  band,  thereby 
producing  an  output  manifold  better  than  a  filtered  broad -band  source.  Controlled  coherent 
sources  also  contribute  to  higher  resolution. 

The  engineer,  on  the  other  hand,  sees  the  millimeter  wave  region  in  a  slightly  different 
light.  He  sees: 

Uncrowded  Spectrum:—  Possible  relief  from  the  severe  crowding  in  the  lower 
frequency  regions; 

Large  Band  widths:—  When  it  is  observed  that  a  10-percent  bandwidth  in  the 
millimeter  region  encompasses  the  same  range  as  a  whole  decade  of  frequen¬ 
cies  at  ten  times  the  wavelength,  some  impression  is  gained  of  the  tremendous 
channel  capacity  available. 

Angular  Resolution:—  The  prospects  of  getting  narrow  antenna  beams  with 
relatively  small  antennas  is  an  attractive  one,  particularly  where  space  is  at 
a  premium.  It  is  at  millimeter  wavelengths  that  we  can  think  in  terms  of 
beams  with  fractional  milliradian  spread  and  the  angular  resolution  that  goes 
with  it,  while  working  with  antenna  apertures  of  10  meters  in  diameter  or  less. 

Reduced  Interference:—  The  millimeter  wave  region  is  relatively  quiet:  not 
many  computing  services,  no  ignition  noise  problems,  and  atmospheric  ab¬ 
sorption  can  act  as  a  shield.  Space-to-space  communication  at  a  wavelength 
strongly  absorbed  by  the  atmosphere  would  be  free  of  earth-based  interference 
and  immune  to  earth-based  interception. 

Atmospheric  propagation  has  often  been  the  major  obstacle  in  the  way  of  systems  applica¬ 
tions  of  millimeter  waves.  Ground-based  applications  will  employ  propagation  paths  essen¬ 
tially  parallel  to  the  ground.  Figure  8  illustrates  the  attenuation  that  will  be  encountered  over 
such  paths  and  under  the  indicated  conditions.  There  are  a  number  of  noteworthy  character¬ 
istics  of  these  curves.  First,  one  sees  the  existence  of  "windows"  of  small  attenuation  with 
minimal  attenuation  at  wavelengths  of  about  8,  3,  2.3,  1.25,  and  0.8  mm.  Note  also  the  upward 
trend  of  the  opacity  of  these  windows  as  the  wavelength  is  decreased.  The  attenuation  in  the 
8-mm  window  is  less  than  half  that  in  the  3-mm  window.  Second,  note  the  sizable  reduction  in 
opacity  of  the  windows  for  an  altitude  of  4  km.  The  regions  of  minimum  opacity  shift  slightly 
also,  as  the  absorption  lines  narrow  at  reduced  pressure.  Third,  note  the  great  attenuation  of 
oxygen  at  5  mm . 
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Fig.  8.  Attenuation  in  the  clear  atmosphere  per  kilometer  for  horizontal  propagation. 


All  is  not  lost  on  account  of  these  absorptions,  however,  because  careful  measurement  of 
these  absorption  lines,  partieularly  from  above  the  atmosphere,  permits  continuous  monitoring 
of  t!u‘  gaseous  content  of  the  upper  atmosphere. 

'There  is  much  yet  to  be  learned  about  propagation  in  the  atmosphere,  particularly  at  milli¬ 
meter  and  submillimeter  wavelengtiis.  In  the  exploration  of  this  problem,  I  am  sure  that  we 
shall  develop  techniques  and  instrumentation  of  great  interest  to  meteorologists. 

Figure  9  shows  the  one-way  attenuation  through  a  specified  atmosphere  at  near-zenith  angles. 
What  is  revealed  in  this  figure  is  that  the  system  looking  out  into  space  or  back  to  earth  suffers 
far  less  from  atmospheric  opacity.  While  the  system  would  by  no  means  be  all-weather,  earth- 
satellite  and  satellite-earth  links  are  entirely  feasible. 


V.  COMMUNICATIONS  AND  RADAR  SYSTEMS 


The  system  range  equations  deduced  at  longer  wavelengths  hold  equally  well  for  millimeter 
waves.  Ignoring  propagation  problems  for  the  moment,  the  range  of  a  eommunieations  link  or 
beacon  system  is  given  by 


At  Pt 


R 


where  R  is  the  range,  A  the  wavelength,  P  the  transmitter  power,  the  minimum  receiver 
power  required  to  pass  the  required  information,  and  and  A^^  the  effective  areas  of  the  trans¬ 
mitting  and  receiving  antennas,  respectively.  The  equation  was  written  purposely,  and  perhaps 
deceptively,  in  a  way  that  indicates  range  proportional  to  one  over  the  wavelength.  As  the  wave¬ 
length  decreases,  however,  antennas  must  be  made  more  preeise  to  maintain  effeetive  area,  and 
transmitter  power  beeomes  harder  to  develop.  Aetually,  the  above  equation  can  be  written  to 
show  no  wavelength  dependence  at  all: 
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Fig.  9.  Total  attenuation  far  one-way  transmission  through  the  clear  atmosphere 
os  a  function  af  the  zenith  angle. 


Fig.  10.  Limiting  communications  and  radar-beacan  ranges  under 
ideal  propagation  ranges  and  with  the  system  characteristics  shown, 
as  a  function  af  receiver  bandwidth. 
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where  represents  the  gain  of  the  transmitting  antenna. 

Similarly,  one  can  write  the  radar  and  scatter  communications  equation  as 


2  2 
Rt  Rj, 


A  A 

"^R 


R 


a 

Air 


for  the  case  where  the  scatterer  has  an  isotropic  scattering  cross  section  cr  and  this  scatterer 

does  not  fill  the  antenna  beams.  The  ranges  from  the  transmitter  and  from  the  receiver  R^^ 

have  been  written  separately  to  allow  for  bistatic  operation.  Again  the  l/\  range  dependence 

can  be  eliminated  by  substituting  antenna  gain  for  effective  area.  Moreover,  in  those  instances 

where  the  scatterer  fills  the  antenna  beam,  the  total  scattering  cross  section  increases  with 

2 

range  because  the  illuminated  area  does,  and  there  results  an  R  dependence  on  range  rather 

4 

than  the  R  dependence  indicated  above. 

Radar  and  communications  scatterer s  do  not  always  scatter  isotropically  —  in  fact,  they 
rarely  do  —  in  which  case  the  cross  section,  cr,  contains  a  directional  "gain"  function  and  reflec¬ 
tion  coefficient,  the  former  being  normalized  to  isotropic  scattering.  In  the  troposphere,  for 
example,  the  scattering  is  believed  to  be  largely  forward  with  an  angular  function  or  pattern 
related  to  the  graininess  of  the  atmospheric  turbulence.  Tropospheric  scattering  experiments 
performed  at  millimeter  wavelengths  might  well  demonstrate  the  possibility  of  millimeter  wave 
communications  by  this  scattering  technique. 

Armed  with  these  equations  and  ignoring  propagation  problems,  one  can  calculate  prodigious 
ranges  for  systems  having  modest  transmitter  powers  and  antenna  apertures  as  shown  in  Fig.  10. 
Clearly,  long  ranges  can  be  expected.  How  ean  one  devise  a  ground-based  test  to  illustrate  this 
potential?  In  our  case,  this  test  took  the  form  of  the  design  of  a  millimeter  radar  capable  of 
detecting  the  moon.  Because  the  moon  scatters  such  a  small  fraction  of  the  incident  power  and 
because  it  is  at  a  reasonably  long  range,  far  enough  to  be  called  a  space  hop,  an  8-mm  moon 
radar  should  demonstrate  rather  well  the  capability  of  millimeter  waves  in  space  applications. 


VI.  RADAR  ASTRONOMY  OPENED  AT  MILLIMETER  WAVELENGTHS 

One  of  the  first  problems,  of  course,  is  to  obtain  the  necessary  components  of  the  system. 
Preliminary  estimates  indicated  that  a  large  antenna  (10  to  30  feet  in  diameter),  a  reasonable 
amount  of  power  (10  to  100  watts),  and  a  sensitive  receiver  would  be  required.  The  maximum 
of  all  these  would  not  have  to  be  achieved  simultaneously.  A  comparison  with  the  Soviet  radars 
described  in  the  literature  is  given  in  Table  I. 

A  precision  surface  on  a  28-foot  parabolic  mirror  was  obtained  by  borrowing  a  triek  from 
the  astronomers.  Sir  Isaac  Newton  observed  that  the  surface  of  a  rotating  liquid  became  para¬ 
bolic  under  the  influence  of  gravitational  and  centripetal  forces.  The  idea  is  illustrated  sche¬ 
matically  in  Fig.  11.  R.  W.  Wood  at  the  turn  of  the  century  used  this  principle  to  build  a  zenith 
optical  telescope  by  rotating  a  tray  of  mercury.  The  focal  length  of  the  spun  mirror  is  a  func¬ 
tion  of  the  rotational  speed  of  the  fluid  as  shown.  A  top  quality  surface,  of  course,  depends  on 
one's  ability  to  control  the  rotational  speed,  rumble  of  the  turntable,  vibration,  and  the  like. 
Wood  installed  his  telescope  in  a  pit  as  shown  in  Fig.  12,  to  give  it  some  protection  from  these 
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TABLE  1 

COMPARISONS  OF  CW  MICROWAVE 

MOON  RADARS* 

Porometers 

Russion  S-Bond 

Russion  X-Bond 

8-mm  System 

D 

Antenna  Diameter  (feet) 

13.2 

15.7 

28 

Antenno  Beomwidth  (deg) 

1.7 

0.5 

0.06 

Antenna  Gain  (db) 

39 

51 

67 

f 

Frequency  (kMcps) 

3 

10 

35 

P 

Power  (wotts) 

1000 

2,500 

20 

T 

System  Noise  Temperoture  (®K) 

5100 

11,800 

450 

b 

IF  Bondwidth  (kcps)t 

1200 

3,600 

3 

t 

Integration  Time  (seconds) 

60 

60 

2 

Q 

Performance  Ratio  (db) 

(8  mm  =  0) 

-33.4 

-22.1 

0 

*  From:  V.  L.  Lynn. 

t  It  should  be  noted  thot  most  of  the  poor  performonce  of  the  Russion  systems  with  respect  to  the 
8-mm  system  is  due  to  the  extremely  wide  bondwidths  reported.  If  our  knov.ledge  of  their  vol- 

ues  should  be  in  error  by  os  much  os 
by  1 0  db. 

two  orders  of  mognitude,  the  comporison  would  be  closer 

Fig.  1 1.  Schematic  of  the  action  of  grovitational  and  centripetal  forces 
on  o  rototing  liquid  producing  o  porabolic  surfoce. 
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Fig.  12.  The  zenith  telescope  employing  o  mercury 
paroboloid  devised  by  R.W.  Wood.  (Figure  5  from: 
R.W.  Wood,  Astrophys.  J.  No.  2,  164  (1909). 


problems.  The  D.  S.  Kennedy  Company  used  this  technique  to  cast  a  precision  plastic  surface 
on  a  suitable  28-foot-diameter  backup  structure.  This  surface,  made  conductive  with  a  sprayed 
coating  of  molten  zinc,  was  weatherproofed  by  a  second  layer  of  plastic. 

A  large  precision  antenna,  once  built,  has  to  be  fed.  Adaptation  of  the  optical  method  due 
to  Cassegrain  is  a  popular  approach  these  days.  The  geometry  of  the  ray  optics  of  both  the 
Cassegrainian  (secondary  a  hyperbolic  surface  of  revolution)  and  the  Gregorian  (secondary  an 
elliptical  surface  of  revolution)  systems  is  illustrated  in  Fig.  13.  This  figure  shows  that  a  sat¬ 
isfactory  configuration  for  the  secondary  reflector  is  a  flat  plate.  It  also  shows  that  a  flat  plate 
would  cause  much  aperture  blocking.  The  choice  of  a  smaller  secondary,  on  the  other  hand, 
would  require  a  larger  feed  horn.  An  optimum  design  in  this  configuration  is  the  choice  of  a 
secondary  reflector  size  such  that  the  aperture  blocking  is  minimal  and  is  identical  with  the 
aperture  size  of  the  required  feed  horn.  We  also  have  the  option  of  moving  the  focal  point  of 
the  feed  horn  closer  to  the  focal  point  of  the  parabola.  When  this  is  done.  Fig.  14  shows  that  a 
small  flat  plate  serves  as  a  satisfactory  secondary  reflector  of  a  modified  Cassegrainian  sys¬ 
tem.  The  result,  developed  for  our  28-foot  antenna  by  K.  Keeping,  is  a  circularly  symmetric 
feed  system  having  minimal  aperture  blocking.  We  have  accomplished  this  by  accepting  more 
loss  in  the  longer  run  of  circular  waveguide  to  the  feed.  Oversized  guide  has  satisfactory 

loss  characteristics.  One  point  of  caution:  if  the  flat  plate  is  too  close  to  the  feed,  it  will  form 
a  ring  image  of  the  point  source  in  the  feed  and  result  in  unsatisfactory  illumination  of  the  main 
parabola.  Figure  15  shows  a  feed  of  this  type  fitted  into  a  small  millimeter  wave  antenna.  The 
flat  plate  secondary  is  shown  supported  by  a  foam  hemisphere.  The  complete  28-foot  antenna 
installation  is  shown  in  Fig.  16. 

Equipped  with  this  large  antenna,  we  can  turn  our  attention  to  the  development  of  a  reason¬ 
able  amount  of  power  at  8  mm.  The  floating-drift-tube  klystron  shown  in  Fig.  17  was  the  best 
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Fig.  13.  The  generation  af  the  surface  af  a 
secondary  reflector  for  illuminating  a  parab¬ 
oloid  primary  by  the  family  af  hyperbolae  of 
rotation  (Cassegra inion)  constructed  between 
the  foci  af  the  feed  and  the  parabola  or  by 
the  ellipsoids  af  rotation  (Gregorian)  is  illus¬ 
trated  in  this  drawing  of  the  geometric  optics 
af  canci  sections. 


h-W  ?3T4(I)| 


Fig.  14.  The  evolution  af  the  flat  surfoce 
(plane  hyperboloid  secondary)  as  a  modified 
Cassegroinian  optical  system. 


Fig.  15.  The  Keeping  feed  installed  in  a  four-  Fig.  16.  The  28-faat  precision  parabola 

foot  spun-cast  parabola.  The  unit  served  as  a  developed  using  spin-casting  techniques, 

transmitter  far  the  pattern  range  employed  in 
the  evaluation  af  the  28-faat  parabola. 
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Fig.  17.  Flooting-drift-tube  klystron  osci Motor 
used  os  the  power  tube  for  the  8-mm  rador.  V.  L. 
Lynn,  Project  Engineer,  is  shown  holding  the 
millimeter  wave  power  tube. 


Q 

wc  could  do.  When  .stabilized  to  about  one  part  in  10  by  a  frcqucncy-phasc  lock  system,  this 
tube  delivered  12  watts  CW,  not  very  much  for  the  job  we  set  out  to  do,  but  it  turned  out  to  he 
enough. 

The  parameters  of  the  moon  radar  as  it  evolved  arc  given  in  Table  II.  Our  antenna  was 
larger,  the  transmitted  power  smaller,  and  the  receiver  sensitivity  less  than  what  wc  had 
originally  hoped  for,  but  a  detection  resulted. 


VII.  RADAR  OBSERVATIONS  OF  LUNAR  SCATTERING 

Most  radar  observations  of  the  moon  have  been  made  with  antenna  beams  larger  than  the 
angular  extent  of  the  moon.  Our  narrow  radar  beam  (about  l/ 10  the  angle  subtended  by  the 
moon)  allowed  angular  resolution  of  the  more  prominent  features  of  the  moon,  the  maria,  and 
the  terrae.  Figure  18  shows  the  points  on  which  we  chose  to  center  the  beam. 

The  experiment  was  a  simple  CW  measurement  of  the  scattering  of  the  lunar  surface  in 
the  beam  at  a  wavelength  of  8  mm.  After  the  transmitter  had  been  on  for  a  few  seconds,  it  was 
turned  off  and  the  receiver  switched  in.  The  receiver  output  was  post-detection  integrated  for 
2-l/2  seconds,  a  nominal  round  trip  time  for  the  radar  signal.  About  10  of  these  2-l/2-second 
’’exposures"  were  then  averaged  by  hand  to  give  the  results  indicated  in  Fig.  19.  Very  little  of 
the  limb  darkening  so  evident  at  meter  wavelengths  is  shown  here.  It  is  clear  that  the  moon 
appears  quite  rough  at  a  scale  of  about  8  mm. 

Vni.  BEYOND  THE  MOON 

Radar  astronomy  on  any  of  the  other  planets  will  require  upwards  of  50-db  more  performance 
from  the  radar.  Clearly,  extension  of  millimeter  wave  radar  astronomy  beyond  the  moon  is  a 
rough  road.  Greater  radar  sensitivity,  however,  would  do  much  to  sharpen  our  measurements 
on  the  moon  at  millimeter  wavelengths. 

In  radio  astronomy,  millimeter  wavelength  observations  represent  a  new  frontier.  At  the 
longer  wavelengths,  radio  telescopes  are  resolution  limited,  that  is,  radio  sources  arc  small 
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TABLE  II 

radar  and  path  parameters 

Frequency 

34,990  Meps 

Wavelength 

8.  57  mm 

Peak  Pawer 

1 2.  0  watts 

IF  Bandwidth 

170  cps 

Spectrum  Bandwidth 

Combined  Instobility  of  Transmitter 
ond  Local  Oscillator 

<1(X)  cps/2. 5  sec 

Libration  Spread  Across  Half-Power 
Beamwidth  During  Observations 

82-131  cps 

Receiver 

Mixer  Noise  Temperature 

3300^K 

Noise  Figure 

10.9  db 

Video  Integration 

~2.  5  sec 

Distonce  to  Moon 

3.  98X  10®  m 

Lasses 

Plumbing,  Two-Way 

3.8  db 

Estimated  Mean  Atmospheric 

0.3  db 

enough  and  close  enough  together  to  require  resolution,  but  are  powerful  enough  radiators  of 
long  wavelengths  to  lessen  the  sensitivity  required.  When  the  sensitivity  of  a  eompletely  filled- 
in  aperture  is  not  required,  resolution  can  be  provided  by  interferometer  teehniques.  The  spee- 
tral  indiees  of  most  radio  sources  display  a  sharp  decrease  in  flux  emitted  as  the  wavelength  of 
observation  is  shortened.  Millimeter  wave  radio  astronomy  is  therefore  both  resolution  and 
sensitivity  limited.  We  need  a  large  effective  area  for  resolution,  and  we  need  that  area  densely 
filled  for  the  sensitivity  provided  by  a  large  collecting  surface. 

A  fascinating  mystery  has  developed  around  the  observations  at  millimeter  wavelengths  of 
the  radio  source  in  Taurus  A.  The  Russians,  working  at  8  mm  with  their  22-meter  Rebedev 
antenna,  observed  what  appeared  to  be  a  second  source  near  the  main  radiation  peak.  Soon 
afterward,  Alan  Barrett  looked  at  Taurus  at  l6mm,  but  was  unable  to  find  a  second  source. 
Observations  at  Lincoln  Laboratory  at  8  mm  initially  showed  what  might  be  regarded  as  evidence 
of  a  second  source  (Fig.  20).  Barrett,  on  a  recent  trip  to  the  USSR,  learned  that  the  Soviets  had 
repeated  their  experiments  and  hadn't  seen  the  second  source  but,  since  our  report  had  been 
published  meanwhile,  they  ehose  not  to  publish  theirs.  Measurements  of  the  University  of  Cali¬ 
fornia  group  near  21 -em  wavelength  reveal  no  second  source,  but  workers  at  Aerospace,  using 
their  15-foot  parabola  at  3  mm,  report  evidence  of  a  second  source.  The  tale  ends  there,  but 
it  should  be  interesting  as  more  measurements  are  made  and  the  mystery  either  deepens  or  is 
solved. 
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Fig.  18.  The  mcx^n  showing  centers  on  which  the  rodor  beam  wos  focused  during  observotions. 
The  circle  oround  A  indicates  the  beam  size  relative  to  that  of  the  moon. 


|3-42-6?88(iT| 


Fig.  19.  Relative  power  reflected  from  the  nine  centers  on  the  moon 
shown  in  Fig.  18.  Little  difference  in  reflectivity  wos  observed  ot  the 
vorious  centers  locoted  on  widely  differing  surfoce  feotures. 
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Fig.  20.  An  8-mm'rodiometer  drift  scan  of  the  rodio  source  in  Tourus  A. 


TABLE  III 

LARGE  MILLIMETER  WAVE  ANTENNAS 

In  Operotion 

Diometer 

(feet) 

Operoting  Wovelength 
(mm) 

Efficiency 

(percent) 

Novol  Reseorch  Laborotory 

50 

8 

25 

Naval  Research  Loboratory* 

10 

4 

Lincoln  Loborotory 

28 

8 

1 7  (ot  3.  2  mm) 

Radio  Reseorch  Establishment 

16 

3 

Lebedev  Physical  Institute 

72  (22  m) 

8 

25  (A^ff  =  100  m^) 

Ewen  Knight 

28 

8 

University  of  Texas 

16 

2 

Air  Force  Combridge  Reseorch 
Loborotories 

29 

8 

Aerospace 

15 

3 

University  of  London 

15 

1 

Future 

North  Americon  Aviation 
(Columbus) 

30 

3 

NRAO  Kin  Peak 

(oltitude,  6800  feet) 

36 

1.2 

Hoystock 

(1  minute  of  arc,  73  db) 

120 

8 

*  Although  not  lorge  by  present  stondords,  this  ontenna  is  listed  because  it  was  the  first  of  its  kind. 

18 


IX.  OTHER  USES 


There  are  many  other  sources  of  interest  to  the  millimeter  wave  radio  astronomers  and 
quasars  are  among  them. 

There  has  been  activity  in  the  military  and  commercial  radar  field.  High  resolution  radars 
at  8  mm  foi*  harbor  and  airport  runway  surveillance  have  been  built  here  and  abroad.  Millimeter 
weather  radars  have  also  been  built.  None  of  these  have  seen  widespread  use  so  far. 

Wo  have  masers  at  millimeter  wavelengths  and  good  prospects  for  parametric  amplifiers 
at  8  mm.  We  have  power  tubes  that  develop  as  much  as  a  kilowatt  CW  at  8  mm,  and  100  kw  (in¬ 
side  the  tube)  have  been  the  peak  power  developed  at  3  mm.  Support  of  this  work  has  been  spo¬ 
radic  and  results,  as  one  might  expect,  have  followed  suit. 

There  have  been  a  number  of  good  review  papers  on  millimeter  waves.  A  list  appears  at 
the  end  of  this  report.  In  addition,  a  tabular  list  of  large  millimeter  wave  antennas  has  been 
prepared  and  appears  in  Table  HI. 

X.  NOW  WHITHER 

Now,  what  about  the  future'^  There  is  clear  evidence  of  an  upturn  of  interest.  NASA  is 
supporting  propagation  investigations  in  industry.  The  future  for  radio  and  radar  astronomy, 
as  I  have  indicated,  appears  to  be  bright.  High  resolution  radars  riding  space  vehicles  can  be 
most  useful  in  the  future.  Our  attempts  to  achieve  controlled  thermonuclear  reactions  are 
aided  with  millimeter  wave  techniques.  Spectroscopy  of  the  earth's  atmosphere  and  the  study 
of  weather  phenomena  are  fields  for  millimeter  waves.  The  passive  detection  of  icebergs  at 
night  appears  to  be  a  pragmatic  application.  Millimeter  waves  still  offer  new  horizons  to  solid 
state  research.  Millimeter  waves  have  been  suggested  in  connection  with  the  detection  of  clear 
air  turbulence.  The  list  goes  on  and  on. 

A  word  of  caution:  Let  us  not  continue  to  seek  problems  for  the  millimeter  wave  solution. 
Instead,  let  us  seek  solutions  to  problems  using  millimeter  wave  techniques.  The  former  re¬ 
sults  often  in  strained,  ill-conneeted  solutions;  the  latter  to  the  natural  evolution  of  a  good  fit 
to  the  nature  of  the  proi)lem.  This  approach  is  not  likely  to  remove  the  eyelieity  in  millimeter 
wave  research  and  development,  but  it  will  certainly  lessen  the  depth  of  the  valleys  in  that  cycle. 
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